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ABSTRACT:  Open  fracture  is  a  common  occurrence  in  civilian  and  military  populations.  Though  great  strides  have  been  made  in  limb 
salvage  efforts,  persistent  muscle  strength  deficits  can  contribute  to  a  diminished  limb  function  after  the  bone  has  healed.  Over  the 
past  decade,  a  growing  effort  to  establish  therapies  directed  at  de  novo  muscle  regeneration  has  produced  several  therapeutic 
approaches.  As  this  effort  progresses  and  as  therapies  reach  clinical  testing,  many  questions  remain  regarding  the  pathophysiology  of 
the  volumetric  loss  of  skeletal  muscle.  The  current  study  demonstrates,  in  a  rat  “open  fracture”  model,  that  the  volumetric  loss  of 
skeletal  muscle  results  in  persistent  functional  deficits  that  are  dependent  on  muscle  length  and  joint  angle.  Moreover,  the  injured 
muscle  has  an  increased  stiffness  during  passive  stretch  and  a  reduced  functional  excursion.  A  case  study  of  a  patient  with  an  open 
type  III  tibia  fracture  resulting  in  volumetric  muscle  loss  in  the  anterior  and  posterior  compartment  is  also  presented.  Eighteen  months 
after  injury  and  tibia  healing,  persistent  functional  deficits  are  apparent  with  many  of  the  same  qualities  demonstrated  in  the  animal 
model.  Muscle  architectural  adaptations  likely  underlie  the  altered  intrinsic  functional  characteristics  of  the  remaining  musculature. 
Published  2014.  This  article  is  a  U.S.  Government  work  and  is  in  the  public  domain  in  the  USA.  J  Orthop  Res  33:40-46,  2015. 
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Open  fracture  often  results  in  concomitant  soft  tissue 
injury.  A  variety  of  surgical  procedures  and  biological 
interventions  are  available  to  improve  bone  healing, 
although  therapies  are  limited  primarily  to  physical 
rehabilitation  for  skeletal  muscle  healing.  For  in¬ 
stance,  free  or  rotational  flaps  are  placed  in  the  sites 
of  large  skeletal  muscle  defects  (i.e.,  volumetric  muscle 
loss  [VML]1)  concomitant  with  type  III  open  tibia 
fracture.2  Inasmuch  as  the  intent  of  muscle  flaps  is  to 
support  bone  healing,  they  offer  little  appreciable 
benefit  towards  muscle  regeneration.  Predictably, 
without  a  definitive  therapy  capable  of  regenerating 
ablated  muscle  tissue,  persistent  strength  deficits 
secondary  to  VML  can  contribute  to  disability.3  That 
is,  skeletal  muscle  weakness  and  suboptimal  limb 
function  are  generally  considered  part  of  the  sequelae 
of  musculoskeletal  trauma.1,4 

The  gross  removal  of  a  portion  of  a  muscle,  as 
occurs  with  VML,  promotes  remodeling  of  the  remain¬ 
ing  musculature5,6  that  almost  certainly  changes 
the  muscle’s  architecture  (e.g.,  fiber  length  to  muscle 
length  ratio)  and  composition  (e.g.,  increased  collagen 
I  content).  Therefore  it  is  expected  that  in  addition  to 
reductions  in  maximal  torque5,6  the  active  and  passive 
length-tension  characteristics  of  the  injured  muscle 
are  also  altered.  The  length-tension  relationship  of  a 
muscle  is  fundamental  to  its  performance  in  vivo  and 
thus  physical  rehabilitation  regimens  are  dependent 
on  adaptations  of  this  intrinsic  muscle  property. 
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Moreover,  as  regenerative  medicine  and  tissue  engi¬ 
neering  therapies  progress  to  the  clinic,7  an  improved 
understanding  of  the  mechanical  adaptation  of  VML 
injured  muscle  may  improve  product  design  and  surgi¬ 
cal  use.  Therefore,  the  purpose  of  this  study  was  to 
characterize  the  impact  of  musculoskeletal  trauma 
involving  VML  on  rat  TA  muscle  length-tension  prop¬ 
erties  in  situ  and  joint  angle-torque  properties  in  vivo. 
A  case  report  of  a  patient  with  a  type  III  open  tibia 
fracture  and  VML  is  provided  to  further  communicate 
the  functional  deficiencies  of  this  condition. 

METHODS 

Experimental  Design 

Male  Lewis  rats  were  allotted  to  1  of  4  experimental  groups: 
Sham-operated,  Osteotomy,  VML  injury  or  Osteotomy  +  VML 
injury.  The  Osteotomy  +  VML  injury  group  was  designed  as 
a  model  of  open  fracture,  in  which  the  bone  eventually  heals 
but  the  muscle  defect  does  not.  The  Osteotomy  group  only 
had  tibia  fracture,  while  the  VML  group  only  had  TA  muscle 
injury.  And,  the  Sham-operated  group  underwent  all  surgical 
procedures,  including  blunt  dissection  of  the  soft  tissue  from 
the  middle  third  of  the  tibia  and  insertion  of  tibia  intra¬ 
medullary  pin,  but  did  not  have  an  osteotomy  or  VML 
created.  In  vivo  functional  analyzes  of  the  TA  muscle  were 
performed  at  4  or  8  weeks  post-injury  ( only  at  4  weeks  for 
Sham)  and  in  situ  functional  analyzes  were  performed  on  a 
subset  of  TA  muscles  4  weeks  post-injury.  TA  muscles  were 
harvested  at  4  and  8  weeks  post-injury  for  histological  and 
molecular  analyzes.  All  animal  procedures  were  approved  by 
the  Institutional  Animal  Care  and  Use  Committee  and  were 
conducted  in  compliance  with  the  Animal  Welfare  Act  and  in 
accordance  with  the  principles  of  the  Guide  for  the  Care  and 
Use  of  Laboratory  Animals. 

Tibia  Osteotomy 

Rats  were  anesthetized  and  injected  with  sustained  release 
buprenorphine-HCl  (1.2  mg/kg  SC;  days  release).  The 
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operative  leg  was  aseptically  prepared.  A  longitudinal  inci¬ 
sion  was  made  along  the  lateral  aspect  of  the  leg  and 
the  skin  and  fascia  covering  the  tibialis  anterior  (TA)  muscle 
were  bluntly  separated  from  the  musculature.  The  tissue 
covering  all  aspects  of  the  ~  middle  third  of  the  tibia 
were  separated  bluntly  from  the  bone.  An  osteotomy  was 
performed  approximately  5  mm  proximal  to  the  tibia-fibula 
junction  (approximately  at  the  midline  of  the  TA  muscle 
belly)  using  a  Piezoelectric  dental  saw  with  a  blade  less  than 
0.5  mm  wide.  For  bone  stabilization  after  injury,  a  Kirschner 
pin  (K-wire,  1.25  mm)  was  inserted  into  the  medullary  canal 
from  the  tibia  plateau.  Three-point  bending  mechanical 
testing  was  performed  on  tibias  8  weeks  post-injury  (Supple¬ 
mental  Methods). 

TA  Muscle  VML  Injury 

Volumetric  muscle  loss  was  surgically  created  in  similar 
fashion  to  that  which  we  have  previously  reported.5,6  A 
punch  biopsy  (6  mm)  was  performed  through  the  middle 
third  of  the  TA  muscle  and  the  biopsied  tissue  was  removed. 

In  Vivo  Isometric  Functional  Assessment 

TA  muscle  in  vivo  mechanical  properties  were  measured  in 
anesthetized  rats  (isoflurane  1.5-2. 0%)  in  both  legs  as  previ¬ 
ously  described5  and  depicted  (Sup.  Fig.  SI).  A  nerve  cuff  with 
multistranded  stainless  steel  (Cooner  Wire,  632,  Chatsworth, 
CA)  wire  electrodes  was  implanted  in  each  leg  around  the 
peroneal  nerve.  Legs  were  tested  separately  and  in  random¬ 
ized  order.  The  foot  was  strapped  using  silk  surgical  tape 
to  a  footplate  attached  to  a  dual-mode  muscle  lever  system 
(Aurora  Scientific,  Inc.,  Mod.  305b,  Aurora,  Ontario).  Optimal 
voltage  (2-5V)  was  set  with  a  series  of  tetanic  contractions 
(5—10  contractions;  150  Hz,  0.1ms  pulse  width,  400  ms  train). 
Then,  the  distal  EDL  muscle  tendon  and  extensor  hallicus 
longus  (EHL)  muscle  was  isolated  and  severed  above 
the  retinaculum.  The  contribution  of  the  tenotomized  EDL 
muscle  was  negligible  in  this  testing  system.5  Peak  TA  muscle 
isometric  torque  was  determined  with  the  ankle  at  a  right 
angle  0°  and  ±20°  of  dorsi-  or  plantar  flexion,  assuming  a 
moment  arm  of  3  mm  8  and  normalized  to  body  weight. 

In  Situ  Isometric  Length-Tension  Analysis 

Following  in  vivo  functional  testing,  a  subset  of  TA  muscles  at 
4  weeks  post-injury  underwent  in  situ  functional  assessment 
of  the  isometric  length-tension  relationship,  using  general 
methodologies  previously  described6  and  depicted  (Sup. 
Fig.  SI).  The  distal  1/3  of  the  TA  muscle  was  dissected  free 
leaving  the  origin  and  neurovascular  pedicle  intact.  The  lower 
leg  was  stabilized  with  pins  at  the  knee  and  ankle.  Core  body 
temperature  was  monitored  and  maintained  at  36-37°C.  The 
distal  tendon  was  isolated  and  attached  to  the  lever  arm  of  a 
dual-mode  servo  muscle  lever  system  (Aurora  Scientific,  Inc., 
Mod.  309b)  and  secured  with  4-0  silk  suture.  Muscle  length 
was  measured  using  digital  calipers.  All  muscles  were  initially 
set  at  a  resting  tension  of  ~0.2N  and  performed  2-3  isometric 
tetanic  contractions  upon  common  peroneal  nerve  stimulation 
described  above  (2-5  V,  150  Hz,  0.1ms  pulse  width,  400  ms 
train;  nerve  cuff  as  described  above).  The  baseline  tension  was 
reduced  to  <0.03  N,  and  then  the  TA  muscle  was  intermittent¬ 
ly  lengthened  0.5  mm  every  90  s-  pilot  testing  did  not  indicate 
induction  of  fatigue.  At  each  stage,  muscle  length  and  active 
(amplitude  of  force)  and  passive  tension  during  an  isometric 
tetanic  contraction  were  measured.  Maximal  isometric  force 
(PG)  was  determined  as  the  peak  active  force  produced  as  a 


function  of  muscle  length;  optimal  muscle  length  (L0)  was 
defined  as  the  muscle  length  at  PQ. 

Active  isometric  force  normalized  to  PQ  (%)  and  passive 
tension  (N)  were  plotted  as  function  of  muscle  length  change 
relative  L0  to  determine  muscle  excursion  and  stiffness, 
respectively.  The  muscle  passive  length-tension  curves  were 
plotted  and  fitted  with  quintic  polynomials  and  the  active 
muscle  length-tension  curves  were  plotted  and  fitted  with 
cubic  polynomials  using  MATLAB®  R2011a.  The  stiffness  of 
the  muscle  was  calculated  as  the  first  derivative  of  the 
passive  muscle  length-tension  curve  up  to  2.5  mm  longer 
than  the  optimal  muscle  length.  Muscle  excursion  was 
defined  as  the  change  in  muscle  length  from  maximum  value 
of  P0  to  the  mathematically  predicted  50%  of  maximum  PQ.9 

TA  Muscle  immunohistology 

Frozen  sections  of  muscles  harvested  4  and  8  weeks  post¬ 
injury  were  probed  collagen  I  (1:500,  Millipore  AB755P, 
Billerica,  MD)  and  nuclei  (DAPI;  1:100,  Invitrogen,  Carlsbad, 
CA)  using  standard  methodology  reported  previously 
(Supplemental  Methods)  and  qualitatively  assessed.6 

qRT-PCR 

Gene  expression  was  measured  in  cross  sections  of  8  week 
Osteotomy  and  Osteotomy  +  VML  TA  muscles  (n  =  4/group) 
that  was  comprised  of  the  defect  area  and  the  remaining 
muscle  mass  (50-100  mg)  as  described  previously.5  The 
primer  sets  for  TGF-131,  connective  tissue  growth  factor 
(CTGF)  and  ribosomal  18S  are  listed  in  Sup.  Table  SI. 

Clinical  Case 

A  patient’s  course  of  treatment  following  an  open  tibia 
fracture  is  presented.  Methodology  for  torque  and  functional 
assessments  are  listed  in  the  supplemental  methods. 

Statistics 

Dependent  variables  were  analyzed  using  one  and  two-way 
ANOVAs  or  independent  samples  t-tests.  Post-hoc  means 
comparison  testing  was  performed  when  a  significant 
ANOVA  was  observed.  Alpha  was  set  at  0.05.  Values  are 
listed  as  means  ±  sem.  Statistical  testing  was  performed  with 
Prism  6  for  Mac  (Graphpad,  La  Jolla,  CA). 

RESULTS 

Rodent  Preclinical  Study 
Tibia  Healing 

In  all  groups  that  underwent  osteotomy  (i.e.,  with  or 
without  TA  muscle  VML  injury),  injured  tibia  had 
similar  mechanical  strength  to  uninjured  tibia  by 
8  weeks  post-injury  (e.g.,  Maximal  load  at  8  weeks: 
Uninjured  versus  Osteotomy-only  versus  Osteotomy  + 
VML;  85.5  ±2.0,  102.2  ±7.2,  &  82.7  ±  25.8  N,  ANOVA 
p  =  0.517). 

In  Vivo  TA  Muscle  Functional  Assessment 

TA  muscles  with  VML  (with  or  without  Osteotomy) 
exhibited  persistent  and  statistically  similar  maximal 
isometric  tetanic  torque  deficits  at  4  and  8  (e.g., 
VML  ±  Osteotomy:  38  and  27%  vs.  Osteotomy)  weeks 
post-injury  in  vivo  at  0°  of  ankle  flexion  (Fig.  1). 
Neither  sham-operated  nor  osteotomy-only  groups 
presented  TA  muscle  torque  deficits  in  the  involved 
leg.  Moreover,  functional  deficits  after  VML  were  not 
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Osteotomy  -  --  --  --  -  +  +  --  +  + 
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Figure  1.  Volumetric  muscle  loss  results  in  muscle  weakness 
that  persists  after  bone  healing.  Contralateral  and  affected  limb 
TA  muscle  peak  tetanic  isometric  torque  (0°  of  ankle  dorsiflexion) 
was  measured  in  vivo  and  was  expressed  relative  to  A)  body 
weight  or  B)  muscle  weight  (lower  panel).  *,  ^  from  respective 
contralateral  and  affected  sham  and  osteotomy  groups,  p  <  0.05. 
Values  are  means  ±  sem. 


accounted  for  solely  by  the  loss  of  muscle  mass,  as 
isometric  torque  0°  normalized  to  muscle  weight  still 
exhibited  a  ~23%  torque  deficit  (Fig.  1).  Notably,  the 
similar  functional  deficits  of  VML  injured  muscles 
regardless  of  osteotomy  likely  reflects  the  severe 
nature  of  VML  outstripping  the  regenerative  capacity 
of  skeletal  muscle5  -  the  regenerative  process  follow¬ 
ing  other  muscle  injuries  (e.g.,  crush)  may  be  affected 
differently.  Based  on  these  results,  only  the  VML  + 
Osteotomy  group  were  further  investigated. 

The  joint  angle-TA  muscle  torque  relationship  was 
investigated  in  vivo  four  weeks  post-injury.  TA  muscle 
isometric  torque  was  measured  at  three  ankle  joint 
angles  (0°  and  ±20°  of  plantar  and  dorsiflexion).  At  all 
joint  angles,  VML  resulted  in  a  significant  functional 
deficit,  although  a  greater  torque  deficit  was  observed 
in  dorsiflexion  (Fig.  2).  Interestingly,  the  torque-angle 
relationship  was  significantly  different  among  control 
group  and  VML  injured  muscles.  In  sham  and  osteot¬ 
omy  muscles,  torque  measured  in  dorsiflexion  was 
greater  than  for  plantarflexion,  but  for  VML  injured 
muscle  the  opposite  relationship  was  observed  (i.e., 
dorsiflexion  <  plantarflexion).  Thus,  it  would  appear 
that  (i)  the  rat  TA  muscle  operates  in  vivo  on  the 
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Figure  2.  In  vivo  isometric  torque  deficits  of  VML  injured 
muscle  are  dependent  on  joint  angle.  Isometric  force  produced  by 
TA  muscles  from  A)  contralateral  and  B)  involved  legs  was 
measured  at  0°  of  ankle  flexion  and  ±  20”  of  dorsi-  (+)  and 
plantarflexion  (— ).  Values  are  means  ±  sem.  For  contralateral 
muscles,  only  a  main  effect  of  joint  angle  was  observed;  for  all 
groups,  values  at  joint  angles  denoted  with  different  letters  are 
significantly  different.  For  injured  muscles,  a  group  x  joint  angle 
interaction  was  observed;  values  denoted  with  different  letters 
are  significantly  different;  *,  deficits  are  calculated  from  osteot¬ 
omy  values;  p  <  0.05. 


plateau  to  descending  limb  of  the  length-tension  curve, 
as  is  expected  since  optimal  sarcomere  length  in  the 
rat  is  2.4  pm10  and  measured  sarcomere  length  in  the 
TA  muscle  at  the  extremes  of  in  vivo  range  of  motion 
are  ~2. 58— 3.04  pm, 1 1  and  that  (ii)  VML  shifts  the 
operating  range  towards  the  ascending  limb. 

In  Situ  TA  Muscle  Functional  Assessment 

TA  muscle  in  situ  functional  analyzes  were  performed 
after  the  in  vivo  functional  assessment  in  a  subset  of 
rats  four  weeks  post-injury.  Active  maximal  isometric 
tetanic  force  (PQ  measured  at  L0)  was  significantly 
reduced  (—32%)  in  VML  injured  muscles.  Production 
of  force  in  vivo  at  all  angles  and  in  situ  at  L0  were 
significantly  correlated  among  experimental  groups 
(.R2  =  0.92,  p  =  0.041;  Sup.  Fig.  S2).  However,  L0  was 
significantly  longer  for  VML  injured  muscles  (Fig.  3), 
indicating  a  rightward  shift  of  the  length-tension 
relationship.  To  further  investigate  the  impact  of  VML 
on  length-tension  properties  of  the  TA  muscle,  active 
tetanic  isometric  torque  was  normalized  to  PD  and 
plotted  against  muscle  length  change  relative  to  L0 
(Fig.  4A  &  B).  Analysis  of  the  normalized  relationship 
indicated  a  significant  reduction  (~31%)  in  functional 
excursion  of  VML  injured  muscle  compared  to  sham- 
operated  and  osteotomy-only  control  muscles.  In  addi¬ 
tion  to  active  force,  passive  isometric  tension  (N)  as  a 
function  of  muscle  length  change  was  also  investigated 
(Fig.  4C  &  D).  In  comparison  to  control  group  muscles, 
VML  muscles  began  to  noticeably  increase  passive 
tension  in  close  proximity  to  L„  and  were  significantly 
stiffer  as  the  muscle  was  lengthened. 

Flistological  and  Molecular  Analyzes 

Qualitative  analysis  of  tissue  histology  indicated 
greater  collagen  I  deposition  after  VML  (Fig.  5A);  And, 
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Figure  3.  VML  reduces  maximal  force  and  shifts  optimal 
length  to  longer  muscle  lengths  in  situ.  A)  Representative 
length-tension  relationships  for  TA  muscles  are  presented.  B) 
Maximal  force  (P„)  was  significantly  reduced  and  C)  muscle 
length  at  which  Pc  was  measured  (L0)  was  significantly  increased 
with  concomitant  VML,  *  p  <  0.05.  Values  are  means  ±  sem. 


TGF-J31  and  CTGF  expression,  genes  involved  in 
extracellular  matrix  protein  production,  were  signifi¬ 
cantly  up-regulated  after  VML  (Fig.  5B). 

Clinical  Case  Report 

Our  patient  is  a  23  year-old  soldier  who  sustained  a 
type  III  open  tibia  fracture  from  a  mounted  IED  blast. 
As  a  result  of  the  blast  injury,  he  sustained  volumetric 
muscle  loss  of  both  the  anterior  and  posterior  compart¬ 
ments  of  the  involved  leg.  He  underwent  limb  salvage, 
which  consisted  of  multiple  debridements  followed  by 
placement  of  a  ringed  external  fixator  eight  days 
following  his  injury.  Due  to  some  soft  tissue  loss,  he 
also  required  split  thickness  skin  grafting  two  weeks 
post-injury.  Sensory  function  in  the  tibial,  sural, 
saphenous,  and  superficial  and  deep  peroneal  nerve 
distributions  were  intact.  He  went  on  to  nonunion, 
which  required  posterolateral  bone  grafting  1 1  months 
following  his  injury.  His  ringed  external  fixator  was 
removed  four  months  later  (15  months  post-injury) 
after  he  healed  his  tibia  fracture,  which  was  confirmed 
on  both  radiographic  and  clinical  exam  (Fig.  6). 

Approximately  18  months  post-injury,  the  patient 
demonstrated  reduced  functional  capacity  during  stan¬ 
dardized  functional  tasks  (Sup.  Table  S2).  During 


isometric  (Fig.  6)  and  isokinetic  testing  (Sup.  Fig.  S3), 
dorsi-  and  plantarflexor-torque  deficits  (34—100%) 
were  observed  in  the  involved  limb.  The  magnitude  of 
isometric  torque  deficits  for  the  plantarflexors  was 
dependent  on  joint  angle,  although  at  the  angles  tested 
for  the  dorsiflexors,  this  relationship  was  not  observed. 
Palpation  of  the  anterior  compartment  of  the  involved 
limb  during  isometric  contraction  at  45°  of  plantarflex- 
ion  indicated  muscle  activation;  however,  fibrous  teth¬ 
ering  appeared  to  restrict  torque  production  at  this 
joint  angle.  During  isokinetic  testing,  the  active  range 
of  motion  (ROM)  in  the  involved  limb  was  reduced  by 
5.5°  (Sup.  Fig.  S3).  Passive  ROM  of  the  uninvolved 
ankle  is  15°  of  dorsiflexion  to  65°  of  plantarflexion,  a 
total  arc  of  motion  of  80°;  the  involved  ankle  ROM  was 
—  10°  dorsiflexion  (lacking  10°)  to  55°  plantarflexion 
(lacking  10°),  for  a  total  range  of  motion  of  45°. 

DISCUSSION 

The  most  important  finding  of  this  study  is  that  the 
volumetric  loss  of  muscle  concomitant  with  fracture 
results  in  persistent  muscle  functional  deficits  -  the 
magnitude  of  which  is  dependent  on  joint  angle  and 
muscle  length.  It  is  intuitive  and  has  been  shown 
previously  in  humans12  and  rodents5  that  volumetric 
muscle  loss  persistently  reduces  maximal  strength; 
however,  less  intuitive  is  the  impact  of  VML  on 
maximal  strength  as  a  function  of  joint  angle.  In 
isolation,  skeletal  muscles  exhibit  an  inverse  parabolic 
relationship  between  maximal  isometric  force  and 
muscle  length.13  In  vivo,  muscles  tend  to  work  on 
either  the  ascending  or  descending  limb  of  this  rela¬ 
tionship.10,14  Herein,  we  observed  that  uninjured  rat 
TA  muscles  operate  on  the  plateau  to  descending  limb 
of  the  isometric  torque-joint  angle  relationship,  which 
is  consistent  with  the  reported  TA  muscle  sarcomere 
length  range  during  ankle  motion  in  vivo.10,11  In 
contrast,  VML  injured  rat  TA  muscles  appear  to 
operate  on  the  ascending  limb  of  the  joint  angle-torque 
relationship.  The  implication  of  these  findings  is  that 
strength  deficits  may  be  significantly  worse  at  joint 
angles  in  which  the  muscle  is  in  a  shortened  position 
(i.e.,  dorsiflexion  for  the  TA  muscle). 

A  notable  observation  made  in  situ  was  that  the 
functional  excursion  of  the  muscle  was  reduced  by 
~one-third  of  its  normal  range.  Since  muscle  excursion 
is  an  index  of  fiber  length,15  it  is  interesting  to 
speculate  that  VML  results  in  a  persistent  reduction 
in  fiber  length.  Assuming  a  fiber  length  to  muscle 
length  ratio  of  0.57  in  uninjured  rat  TA  muscle  (i.e., 
an  individual  fiber  runs  ~60%  of  the  length  of  the 
muscle j,16  the  majority  of  the  muscle’s  fibers  were 
likely  shortened  ( either  uni-  or  bi-sected)  at  the  time  of 
injury  in  this  VML  model  (Sup.  Fig.  S4).  It  is  currently 
unclear  how  a  VML  injured  muscle  adapts  to  this 
initial  injury,  in  particular  on  the  sarcomere  level. 
Both  sarcomere  number  and  working  length  are 
adaptable  to  changes  in  loading  due  to  tenotomy  or 
tendon  transfer,17,18  and  these  adaptations  are  still 
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Figure  4.  VML  reduces  functional  excursion  and  increases  muscle  stiffness.  A)  In  situ  TA  muscle  isometric  tetanic  active  force  was 
measured  as  a  function  of  muscle  length  and  normalized  to  maximal  force  (P0).  B)  Muscle  excursion  (muscle  length  change  to  50%  PD) 
was  significantly  reduced  in  muscle  with  VML,  *  p  <  0.05.  C)  Passive  tension  was  normalized  about  L0  for  each  length-tension  curve, 
and  D)  muscle  stiffness  over  a  length  change  of  +2.5  mm  was  significantly  greater  with  VML,*  p  <  0.05.  Values  are  means  ±  sem. 
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Figure  5.  VML  induces  intramuscular  fibrosis.  A)  TA  muscles 
were  immunostained  for  Collagen  I  at  4  and  8  weeks  post-injury 
(only  one  representative  image  at  8  weeks  is  presented  due  to 
tissue  phenotypes  of  each  group  being  similar  at  each  time  point). 
B)  Gene  expression  of  TGF-B1  and  connective  tissue  growth 
factor  (CTGF)  was  measured  in  TA  muscles  harvested  8  weeks 
post-injury.  Values  are  means  ±  sem;  *  p  <  0.05. 


being  understood  for  complex  injuries  and  clinical 
conditions.9,19  Although  the  geometry  of  VML  defects 
is  not  uniform  in  the  clinic,  further  investigation  of 
muscle  architectural  modifications  after  VML  may 
improve  our  understanding  of  the  pathophysiology  of 
the  injury  and  of  the  design  constraints  for  emerging 
tissue-engineering  therapies. 

Muscle  injuries  often  result  in  increased  extracellular 
matrix  content.  We  are  not  aware  of  a  histological 
characterization  of  human  muscle  with  chronic  VML; 
however,  in  rat  TA  muscles,  VML  has  been  shown 
previously5,6  and  herein  to  promote  extensive  deposition 
of  intramuscular  collagen,  prolonged  up-regulation  of 
pro-fibrotic  genes,  and  a  significant  increase  in  passive 
muscle  stiffness.  Previously,  extracellular  matrix  deposi¬ 
tion  in  the  VML  defect  was  reported  to  attenuate 
prolonged  cycles  of  degeneration  and  regeneration  in 
the  remaining  muscle  and  therefore  may  be  a  protective 
mechanism  in  this  injury.6  There  are  other  examples  in 
the  literature  indicating  “fibrosis”  as  a  positive  adapta¬ 
tion  to  altered  mechanical  loading.20  Future  studies  are 
needed  to  determine  if  antifibrotic  therapies  are  benefi¬ 
cial  to  the  prolonged  outcome  of  VML  injured  muscle. 

The  clinical  case  highlights  a  common  occurrence  of 
successful  limb  salvage  after  severe  open  tibia  fracture 
where  the  patient  demonstrates  persistent  neuromuscu¬ 
lar  functional  deficits.  Though  achievement  of  tibia 
union  was  not  without  complication,  orthopedic  surgical 
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Figure  6.  VML  promotes  persistent  muscle  functional  deficits  after  tibia  union  following  open  type  III  fracture.  A-C)  Open  tibia 
fracture  was  resolved  approximately  15  months  post-injury.  D  &  E)  Volumetric  muscle  loss  was  visible  in  the  anterior  and  posterior 
compartments  of  the  lower  leg  of  the  involved  limb.  F)  Isometric  plantar  and  dorsiflexor  torque  was  assessed  in  the  uninvolved  and 
involved  limb  at  two  angles  of  dorsifexion  (0°  is  neutral)  using  a  Biodex. 


care  and  physical  rehabilitation  salvaged  the  injured 
limb.  However,  the  muscle  tissue  lost  in  both  the 
anterior  and  posterior  compartment  of  the  left  lower  leg 
did  not  regenerate,  and  therefore  resulted  in  ~ 34— 100% 
strength  deficits  of  the  dor  si-  and  plantar-flexors  1.5 
years  after  injury.  In  addition  to  persistent  strength 
deficits,  our  patient  presented  with  other  functional 
deficits,  which  were  predicted  from  the  rodent  model. 
Notably,  strength  deficits  demonstrated  some  dependen¬ 
cy  on  joint  angle,  and  during  isokinetic  testing,  the 
involved  limb’s  functional  range  of  motion  was  notice¬ 
ably  abbreviated.  However,  an  important  distinction  in 
our  patient  is  the  development  of  musculocutaneous 
tethering  and  reduced  passive  range  of  ankle  motion; 
and  therefore  multiple  factors  in  addition  to  muscle 
weakness  likely  contribute  to  diminished  limb  function. 
To  this  end,  it  is  anticipated  that  high-energy  trauma, 
as  presented  in  our  clinical  case,  would  likely  exacerbate 
the  soft  tissue  pathophysiology  in  the  “open  fracture” 
animal  model.21 


There  remain  many  knowledge  gaps  in  our  under¬ 
standing  of  the  pathophysiology  of  VML.  As  a  result, 
current  physical  rehabilitation  and  developing  regen¬ 
erative  medicine  (e.g.,  tissue  engineering)  therapies 
for  VML  may  be  further  optimized.  This  study  high¬ 
lights  the  complexity  of  VML  injury:  Not  only  the 
gross  loss  of  muscle  tissue  but  also  architectural  and 
histologic  adaptations  of  the  remaining  tissue  underlie 
the  persistent  functional  deficits.  Therefore,  approach¬ 
ing  full  strength  recovery  of  VML  injured  muscle  will 
require  therapies  that  maximize  the  functional  capaci¬ 
ty  of  the  remaining  muscle  tissue,  promote  de  novo 
regeneration  of  muscle  tissue,  and  integrate  these 
tissues  to  re-establish  the  intrinsic  properties  of  the 
original  muscle. 

ACKNOWLEDGMENTS 

The  opinions  or  assertions  contained  herein  are  the  private 
views  of  the  authors  and  are  not  to  be  construed  as  official  or 
as  reflecting  the  views  of  the  Departments  of  the  Army  or 


JOURNAL  OF  ORTHOPAEDIC  RESEARCH  JANUARY  20J5 


46  GARG  ET  AL. 


Defense.  This  work  was  supported  by  the  Combat  Casualty 

Care  Research  Program. 

REFERENCES 

1.  Grogan  BF,  Hsu  JR.  2011.  Volumetric  muscle  loss.  J  Am 
Acad  Orthop  Surg  19:S35-37. 

2.  Burns  TC,  Stinner  DJ,  Possley  DR,  et  al.  2010.  Does  the 
zone  of  injury  in  combat-related  Type  III  open  tibia  fractures 
preclude  the  use  of  local  soft  tissue  coverage?  J  Orthop 
Trauma  24:697-703. 

3.  Cross  JD,  Ficke  JR,  Hsu  JR,  et  al.  2011.  Battlefield 
orthopaedic  injuries  cause  the  majority  of  long-term  disabil¬ 
ities.  J  Am  Acad  Orthop  Surg  19:Sl-7. 

4.  Doukas  WC,  Hayda  RA,  Frisch  HM,  et  al.  2013.  The  Military 
Extremity  Trauma  Amputation/Limb  Salvage  (METALS) 
study:  outcomes  of  amputation  versus  limb  salvage  following 
major  lower-extremity  trauma.  J  Bone  Joint  Surg  Am 
95:138-145. 

5.  Corona  BT,  Garg  K,  Ward  CL,  et  al.  2013.  Autologous 
minced  muscle  grafts:  a  tissue  engineering  therapy  for  the 
volumetric  loss  of  skeletal  muscle.  Am  J  Physiol  Cell  Physiol 
305:0761-775. 

6.  Corona  BT,  Wu  X,  Ward  CL,  et  al.  2013.  The  promotion  of  a 
functional  fibrosis  in  skeletal  muscle  with  volumetric  muscle 
loss  injury  following  the  transplantation  of  muscle-ECM. 
Biomaterials  34:3324-3335. 

7.  Sicari  BM,  Rubin  JP,  Dearth  CL,  et  al.  2014.  An  acellular 
biologic  scaffold  promotes  skeletal  muscle  formation  in  mice 
and  humans  with  volumetric  muscle  loss.  Sci  Transl  Med 
6:234-258. 

8.  Johnson  WL,  Jindrich  DL,  Roy  RR,  et  al.  2008.  A  three- 
dimensional  model  of  the  rat  hindlimb:  musculoskeletal 
geometry  and  muscle  moment  arms.  J  Biomech  41:610-619. 

9.  Takahashi  M,  Ward  SR,  Friden  J,  et  al.  2012.  Muscle 
excursion  does  not  correlate  with  increased  serial  sarcomere 
number  after  muscle  adaptation  to  stretched  tendon  trans¬ 
fer.  J  Orthop  Res  30:1774-1780. 

10.  Burkholder  TJ,  Lieber  RL.  2001.  Sarcomere  length  operating 
range  of  vertebrate  muscles  during  movement.  J  Exp  Biol 
204:1529-1536. 


11.  Burkholder  TJ.  2001.  Age  does  not  influence  muscle  fiber 
length  adaptation  to  increased  excursion.  J  Appl  Physiol 
91:2466-2470. 

12.  Mase  VJ  Jr,  Hsu  JR,  Wolf  SE,  et  al.  2010.  Clinical  applica¬ 
tion  of  an  acellular  biologic  scaffold  for  surgical  repair  of  a 
large,  traumatic  quadriceps  femoris  muscle  defect.  Orthope¬ 
dics  33:511. 

13.  Gordon  AM,  Huxley  AF,  Julian  FJ.  1966.  The  variation  in 
isometric  tension  with  sarcomere  length  in  vertebrate  mus¬ 
cle  fibres.  J  Physiol  184:170-192. 

14.  Rassier  DE,  Macintosh  BR,  Herzog  W.  1999.  Length  depen¬ 
dence  of  active  force  production  in  skeletal  muscle.  J  Appl 
Physiol  86:1445-1457. 

15.  Burkholder  TJ,  Lieber  RL.  1998.  Sarcomere  number  adapta¬ 
tion  after  retinaculum  transection  in  adult  mice.  J  Exp  Biol 
201:309-316. 

16.  Eng  CM,  Smallwood  LH,  Rainiero  MP,  et  al.  2008.  Scaling  of 
muscle  architecture  and  fiber  types  in  the  rat  hindlimb.  J 
Exp  Biol  211:2336-2345. 

17.  Lieber  RL,  Ponten  E,  Burkholder  TJ,  et  al.  1996.  Sarcomere 
length  changes  after  flexor  carpi  ulnaris  to  extensor  digito- 
rum  communis  tendon  transfer.  J  Hand  Surg  21:612-618. 

18.  Baker  JH,  Hall-Craggs  EC.  1978.  Changes  in  length  of 
sarcomeres  following  tenotomy  of  the  rat  soleus  muscle. 
Anat  Rec  192:55-58. 

19.  McLachlan  EM,  Chua  M.  1983.  Rapid  adjustment  of  sarco¬ 
mere  length  in  tenotomized  muscles  depends  on  an  intact 
innervation.  Neurosci  Lett  35:127-133. 

20.  Meyer  GA,  Lieber  RL.  2012.  Skeletal  muscle  fibrosis  devel¬ 
ops  in  response  to  desmin  deletion.  Am  J  Physiol  Cell 
Physiol  302:C1609-1620. 

21.  Doucet  JJ,  Galarneau  MR,  Potenza  BM,  et  al.  2011.  Combat 
versus  civilian  open  tibia  fractures:  the  effect  of  blast 
mechanism  on  limb  salvage.  J  Trauma  70:1241-1247. 

SUPPORTING  INFORMATION 

Additional  Supporting  Information  may  be  found  in 

the  online  version  of  this  article  at  the  publisher’s 

web -site. 


JOURNAL  OF  ORTHOPAEDIC  RESEARCH  JANUARY  20J5 


